6-Substituted 5,6-dihydro-2-pyranone is a well-known compound which has a wide range of biological activity, including antimicrobiological activity.
1) The relationship between the stereochemistry of 6-substituted 5,6-dihydro-2-pyranone and its biological activity is unknown. In this article, a new stereoselective synthetic route to optically pure (þ)-goniodiol (1), 6-epi-(þ)-goniodiol (3), 7-epi-(þ)-goniodiol (5), 8-epi-(þ)-goniodiol (7) , and their enantiomers (2, 4, 6, and 8) is shown, and the antimicrobiological activity of these eight stereoisomers of goniodiol is then clarified for the first time.
The key reaction for the synthesis of optically pure (þ)-goniodiol (1), (À)-goniodiol (2), 6-epi-(þ)-goniodiol (3) , and the enantiomer of 6-epi-(þ)-goniodiol (4) is the anti addition of hydroxy groups to olefins 9 and 10 which could be respectively prepared from yeastreduction products 11 and 12.
2) 7-epi-(þ)-Goniodiol (5), the enantiomer of 7-epi-(þ)-goniodiol (6), 8-epi-(þ)-goniodiol (7) , and the enantiomer of 8-epi-(þ)-goniodiol (8) could be obtained by the stereoselective syn addition of hydroxy groups to olefins 9 and 10 (Scheme 1). The steric configuration at the 6 position of 1, 4, 5 and 7 might be converted from the 1 position of yeast-reduction product 9, while the steric configuration of the 6 position of 2, 3, 6 and 8 might be converted from the 5 position of yeast-reduction product 10.
Results and Discussion
Synthesis of compounds 1-8 The enantiomeric excess of 11 was determined as more than 99%ee after the reaction with (À)-menthyl chloroformate followed by GC analysis. The cis-lactone 12 was also determined as having more than 99%ee by reduction to a diol, protection of the primary hydroxy group as a benzyl ether, and reaction with (À)-menthyl chloroformate, followed by HPLC analysis. Olefins 14, 15, 17, and 18 were obtained from compounds 11 and 12 as shown in Scheme 2. The hydroxy group of transhydroxyester 11 was protected as a triisopropylsilyl ether. Reduction of the resulting ester to an alcohol, followed by pyridinium chlorochromate oxidation gave aldehyde 13, which was subjected to a Grignard reaction and dehydration, giving trans-olefin 14 as a single isomer. The desilylation of 14 gave hydroxy olefin 15. Olefins 17 and 18 were prepared from cis-lactone 12. The reduction of 12 to a diol, this being followed by protection of the resulting primary hydroxy group as a trityl ether and of the secondary hydroxy group as a triisopropyl ether, gave the fully protected compound. After detritylation, the resulting alcohol was converted to aldehyde 16 by reduction and oxidation. This aldehyde was transformed to trans-alkenes 17 and 18 as a single isomer by the same method as that already described above.
Anti and syn additions to olefins 15 and 14 were tried. Treating olefin 15 with D-fructose-derived ketone 19 3) gave an epoxide as a 2:1 mixture of inseparable diastereomers in 83% yield. Pure stereoisomer 20 was obtained as the main product after benzoylation, hydrolysis of the epoxide to a diol under acidic conditions, followed by protection as an acetonide. Treatment of olefin 15 with ent-19 gave a 1:3 mixture of diastereomer in 83% yield. Pure stereoisomer 21 was obtained from this epoxide as the main product. Stereoselective syn addition to olefin 14 was successful by y To whom correspondence should be addressed. Tel: +81-89-946-9846; Fax: +81-89-977-4364; E-mail: syamauch@agr.ehime-u.ac.jp Biosci. Biotechnol. Biochem., 72 (9), 2342 -2352 , 2008 employing AD-mix-or AD-mix-. 4) Treatment of olefin 14 with AD-mix-stereoselectively gave glycol 22 as a single isomer in 82% yield. On the other hand, employment of AD-mix-predominantly gave glycol 23 as a single isomer in 92% yield. Basic hydrolysis followed by pyridinium chlorochromate oxidation of 20 and 21 respectively gave ketones 24 and 25. Protection as acetonides of 22 and 23, desilylation, and oxidation gave 26 and 27. Ketones 24-27 were respectively converted to lactones 28-31 by Baeyer-Villiger oxidation. (þ)-Goniodiol (1) and its stereoisomers 4, 5 and 7 were respectively obtained from lactones 28-31 by the same method as that described in the literature 5) (Scheme 3). The enantiomeric excess was determined as more than 99%ee by HPLC analyses employing a chiral column.
The reaction of 18 with D-fructose-derived ketone 19 gave stereoisomer 32 as the main product (50%), along with stereoisomer 33 (7%). Olefin 18 (20%) was recovered. Stereoisomer 33 was obtained as the main product by employing ent-19 (32, 15%; 33, 54%), recovering olefin 18 (28%). The stereoselective syn addition to olefin 17 was also examined. The glycols were obtained at 40 C. The treatment of olefin 17 with AD-mix-stereoselectively gave glycol 34 in 36% yield along with glycol 35 (7%), recovering olefin 17 (41%).
To selectively obtain glycol 35, olefin 17 was treated with AD-mix-, stereoselectively giving glycol 35 in 45% yield along with recovered olefin 17 (33%) (Scheme 4). The reactivity of the addition reactions to olefins 17 and 18 was lower than that to olefins 14 and 15. It could be assumed that the protective group closed to a double bond decreased the reactivity of 14 and 15. Stereoisomers 2, 3, 6 and 8 were respectively obtained from 32, 33, 34 and 35 by the same method as that described for their enantiomers. The enantiomeric excess was determined as more than 99%ee by HPLC analyses employing a chiral column.
The stereoselective synthesis of all stereoisomers of goniodiol having more than 99%ee was accomplished by using optically pure yeast-reduction products as the starting material. (1) enantiomer of 6-epi-(+)-goniodiol (4) 
Antimicrobial activity of the stereoisomers of goniodiol
No antifungal activity against Colletotrichum lagenarium, Bipolaris oryzae, Fusarium solani, and Alternaria altanata, which are phytopathogenic fungi, was apparent.
The antibacterial activity of stereoisomers 1-8 is shown in Table 1 . The activity against Gram-positive bacteria was weak. The stereoisomer which showed the highest activity against Gram-positive bacteria was 7-epi-(þ)-goniodiol (5), having a 25 mM MIC value against L. denitrificans. 6-epi-(þ)-Goniodiol (3) and its enantiomer (4) did not show any activity against Gram-positive bacteria. On the other hand, all the compounds showed activity against Gram-negative bacteria. Y. intermedia being most sensitive to all the stereoisomers. (þ)-Goniodiol (1) and 7-epi-(þ)-goniodiol (5) showed the strongest activity against Y. intermedia (MIC, 3.1 mM). This fact suggested that the (6R,8R) structure was more important for higher activity than the stereochemistry at the 7 position. The activity of the enantiomer of 6-epi-(þ)-goniodiol (4), which did not show any activity against Gram-positive bacteria, was weakest against Y. intermedia (MIC, 50 mM). The relationship between the stereochemistry of goniodiol and its antibacterial activity was elucidated for the first time. Syntheses of the goniodiol derivatives bearing the stereochemistry of 1 or 5 might be expected to identify new compounds showing strong antibacterial activity.
Experimental
Melting point (mp) data are uncorrected. Optical rotation values were measured by a Horiba SEPA-200 instrument. NMR data were obtained with a JNM-EX400 spectrometer, and EI and FABMS data were measured with a JMS-MS700V spectrometer. The silica gel used was Wakogel C-300 (Wako, 200-300 mesh), and the HPLC analyses was performed with Shimadzu LC-6AD and SPD-6AD instruments and a DAICEL AD-H chiral column (1 ml min À1 ), with detection at 270 nm.
2-[(1R,2S)-2-(Triisopropylsilyloxy)cyclopentyl]acetaldehyde (13).
To an ice-cooled solution of 11 (17.1 g, 0.11 mol) and 2,6-lutidine (30.0 ml, 0.26 mol) in CH 2 Cl 2 (150 ml) was added TIPSOTf (34.7 ml, 0.13 mol). The reaction solution was stirred for 1 h at room temperature before addition of sat. aq. NaHCO 3 solution. The organic solution was separated, washed with sat. aq. CuSO 4 solution, sat. aq. NaHCO 3 solution, and brine, and dried (Na 2 SO 4 ). After concentration, the residue was applied to silica gel column chromatography (EtOAc/hexane = 1/99) to give TIPS ether (33.8 g, 0.11 mol, 100%) as a colorless oil, ½ 3, 18.0, 18.1, 21.1, 28.7, 34.2, 37.9, 44.9, 51.4, 78.6, 173.5 . Anal. Found: C, 65.31; H, 11.11. Calcd. for C 17 H 34 O 3 Si: C, 64.92; H, 10.90%. To an ice-cooled suspension of LiAlH 4 (0.64 g, 0.017 mol) in ether (15 ml) was added a solution of 13 (5.30 g, 0.017 mol) in ether (30 ml). The reaction mixture was stirred for 1 h at 0 C before additions of sat. aq. MgSO 4 solution and K 2 CO 3 . The resulting mixture was stirred at room temperature for 30 min before filtration. Concentration of the filtrate gave crude alcohol. A reaction mixture of the crude alcohol, PCC (3.99 g, 0.019 mol), and MS 4A (2.22 g) in CH 2 Cl 2 (60 ml) was stirred at room temperature for 16 h before addition of dry ether. After filtration, the filtrate was concentrated. The residue was purified by silica gel column chromatography (EtOAc/hexane = 7/93) to give unstable 13 (4.00 g, 0.014 mol, 82%, 2 steps) as a colorless oil. ½ 5, 18.1, 21.4, 28.8, 34.5, 42.8, 47.8, 79.0, 203.2. (1R,2S)-1-(trans-Styryl)-2-(triisopropylsilyloxy)cyclopentane (14). To an ice-cooled solution of phenylmagnesium bromide (0.15 mol) in ether (100 ml) was added a solution of 13 (13.6 g, 0.048 mol) in ether (30 ml). The reaction mixture was stirred for 20 min at 0 C before additions of sat. aq. NH 4 Cl solution and EtOAc. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 7/93) gave benzyl alcohol (15.6 g, 0.043 mol, 90%). To a refluxing mixture of KHSO 4 (4.84 g, 0.036 mol) in toluene (530 ml) was added a solution of benzyl alcohol (6.86 g, 0.019 mol) in toluene (40 ml). The reaction mixture was refluxed for 1.5 h before additions of H 2 O and EtOAc. The organic solution was separated, washed with brine, dried (Na 2 SO 4 ), and concentrated. The residue was purified by silica gel column chromatography (hexane) to give 14 (5.35 g, 0.016 mol, 84%) as a colorless oil, ½ 1, 21.8, 29.7, 35.1, 52.4, 79.5, 126.0, 126.8, 128.4, 129.6, 133.3, 137.9. Anal. Found: C, 76.53; H, 10.55 7.19 (1H, m), 7.24-7.30 (2H, m), 7.34-7.36 (2H, m) . NMR C (CDCl 3 ): 21. 2, 30.0, 33.6, 52.3, 78.6, 126.0, 127.1, 128.5, 130.4, 132.2, 137.3 7.26-7.29 (6H, m), 7.43-7.46 (6H, m) . NMR C (CDCl 3 ): 12. 6, 18.16, 18.21, 21.4, 28.5, 29.6, 34.9, 42.7, 63.0, 75.7, 86.3, 126.8, 127.7, 128.7, 144.6 ¼ 3:6, 3.6, 3.6 Hz) . NMR C (CDCl 3 ): 12. 6, 18.1, 18.2, 21.4, 28.7, 32.8, 34.6, 42.5, 62.4, 76.0 4.35 (1H, ddd, J ¼ 4:8, 4.8, 4.8 Hz), 9.76 (1H, s, CHO) . NMR C (CDCl 3 ): 12. 3, 17.9, 18.0, 21.2, 28.6, 34.3, 39.5, 44.2, 75.2, 202.3 . 7.17 (1H, m), 7.25-7.29 (2H, m), 7.33-7.34 (2H, m) . NMR C (CDCl 3 ): 12. 42, 12.44, 18.6, 18.10, 18.15, 18.20, 22.1, 29.8, 35.8, 50.17, 50.23, 126.0, 126.6, 128.4, 129.5, 132.3, 138 7.27-7.30 (2H, m), 7.35-7.37 (2H, m) . NMR C (CDCl 3 ): 22. 1, 28.3, 34.2, 49.3, 75.9, 126.0, 127.1, 128.5, 129.4, 131.6, 137.3 1, 32.5, 47.9, 79.4, 126.1, 127.0, 128.3, 128.4, 129.0, 129.5, 130.8, 131.0, 132.7, 137.6, 166 À4 M, 2.22 ml) solution and a solution of K 2 CO 3 (0.27 g, 1.95 mmol) in H 2 O (2.22 ml) over a period of 1.5 h. The reaction solution was stirred for 18 h at room temperature, and then EtOAc was added. The organic solution was separated, washed with brine, dried (Na 2 SO 4 ), and evaporated. The residue was purified by silica gel column chromatography (EtOAc/ hexane = 1/6) to give a diastereomeric mixture (2/1) of hydroxyepoxides (91 mg, 0.44 mmol, 83% 
To an ice-cooled solution of AD-mix-(264 mg) and MeSO 2 NH 2 (17 mg, 0.18 mmol) in tertBuOH (0.6 ml) and H 2 O (0.9 ml) was added 14 (60 mg, 0.17 mmol). The reaction mixture was stirred for 47 h at room temperature before additions of Na 2 SO 3 (0.28 g, 2.22 mmol) and EtOAc. The organic solution was separated, washed with sat. aq. NaHCO 3 solution, brine, and dried (Na 2 SO 4 ), and then evaporated. The residue was purified by silica gel column chromatography (EtOAc/hexane = 1/9) to give 22 (53 mg, 0.14 mmol, 82%) as a colorless oil, ½ 4.20 (1H, ddd, J ¼ 6:4, 6.4, 6.4 Hz), 4.46 (1H, d, J ¼ 8:0 Hz), m) . NMR C (CDCl 3 ): 12. 4, 18.02, 18.04, 22.17, 22.19, 35.4, 49.1, 75.6, 76.4, 77.1, 126.9, 128.1, 128.5, 140.9 ¼ 7:8, 7.8, 7.8 Hz), 4.57 (1H, dd, J ¼ 7:3, 2.4 Hz), 7.25 (1H, m), m) . NMR C (CDCl 3 ): 12. 7, 18.05, 18.13, 20.4, 25.3, 34.3, 49.2, 74.8, 79.3, 79.5, 126.3, 127.3, 128.2, 142.5 3.99 (1H, ddd, J ¼ 6:8, 6.8, 6.8 Hz), 4.24 (1H, dd, J ¼ 10:3, 6.8 Hz), 5.18 (1H, d, J ¼ 6:8 Hz), m) . NMR C (CDCl 3 ): 20.9, 24.7, 25.7, 27.2, 32.7, 47.4, 78.4, 80.0, 84.5, 108.4, 127.6, 128.0, 128.1, 137.4. Anal. Found: C, 72.87; H, 8.31 ¼ 6:0, 6.0, 6.0 Hz), 4.65 (1H, dd, J ¼ 7:8, 6.9 Hz), 5.25 (1H, d, J ¼ 6:9 Hz), m) . NMR C (CDCl 3 ): 20.2, 24.8, 27.0, 38.3, 50.1, 78.4, 79.5, 108.6, 127.97, 127.99, 128.1, 137.0, 217.9. Anal. Found: C, 73.61; H, 7.58 5.53 (1H, m), 7.28-7.37 (3H, m), 7.42-7.48 (4H, m), 7.59 (1H, m), 8.02-8.04 (2H, m) . NMR C (CDCl 3 ): 22.0, 25.0, 31.7, 48.6, 74.2, 75.5, 78.9, 127.6, 127.8, 128.2, 128.4, 129.7, 130.0, 133.3, 140.0, 167.4 4, 24.9, 25.5, 27.3, 32.0, 45.3, 78.7, 79.5, 79.9, 108.2, 127.7, 128.0, 128.1, 128.3, 129.4, 131.1, 132.6, 138.1, 165.7 2, 25.8, 27.4, 33.7, 45.8, 75.0, 79.8, 80.6, 108.2, 127.4, 127.9, 128.1, 137.6 7.31 (1H, m), 7.36-7.41 (4H, m) . NMR C (CDCl 3 ): 23. 2, 24.7, 27.0, 27.6, 35.0, 49.6, 75.9, 79.6, 80.6, 108.0, 127.3, 128.1, 128.4, 138.2 7.27 (1H, m), 7.32-7.36 (4H, m) . NMR C (CDCl 3 ): 20.7, 24.1, 24.4, 26.2, 38.0, 50.0, 77.9, 79.0, 108.2, 126.5, 127.6, 128.1, 138.6, 219.5 8, 26.0, 33.3, 45.8, 74.6, 76.0, 77.8, 127.1, 128.4, 128.5, 129.4, 133.0, 140.4, 165.6. Conversion to an acetonide gave a mixture with a small inseparable amount of a by-product in 78% yield. NMR H ( 2, 25.1, 27.4, 28.9, 33.7, 45.2, 77.0, 77.5, 79.6, 108.1, 127.5, 128.4, 128.5, 128.6, 129.5, 133.0, 138.2, 165.6 . Basic hydrolysis in 95% yield gave colorless crystals, mp 72-75 C (hexane), ½ 4.66 (1H, dd, J ¼ 6:7, 6.7 Hz), 5.27 (1H, d, J ¼ 6:7 Hz), m), m) . NMR C (CDCl 3 ): 22.0, 24.8, 26.3, 27.0, 35.9, 45.5, 74.0, 79.7, 79.8, 107.9, 127.3, 127.8, 128.1, 138.7. Anal. Found: C, 73.18; H, 8.50 7.30 (1H, m), 7.33-7.36 (4H, m) . NMR C (CDCl 3 ): 12. 2, 17.9, 21.8, 22.0, 27.07, 27.14, 35.4, 46.9, 76.5, 81.5, 82.3, 108.5, 126.7, 128.1, 128.4, 137.7. Anal. Found: C, 71.74; H, 10.12 m), 1.71 (1H, m), 1.76 (1H, br. s), m), 3.96 (1H, ddd, J ¼ 6:1, 6.1, 6.1 Hz), 3.99 (1H, dd, J ¼ 8:8, 3.4 Hz), 4.62 (1H, d, J ¼ 8:8 Hz), m) . NMR C (CDCl 3 ): 22. 2, 24.4, 27.08, 27.14, 35.0, 47.6, 75.6, 81.4, 83.2, 108.4, 126.9, 128.3, 128.5, 137.7. Anal. Found: C, 72.84; H, 8.44 4.26 (1H, dd, J ¼ 9:1, 1.6 Hz), 4.63 (1H, d, J ¼ 9:1 Hz), m) . NMR C (CDCl 3 ): 20.8, 22.7, 26.9, 27.1, 38.5, 47.3, 80.8, 81.1, 109.0, 126.6, 128.5, 128.6, 136.8, 218.2. Anal. Found: C, 73.64; H, 7.65 m, ArH) . NMR C (CDCl 3 ): 12. 2, 17.92, 17.94, 21.1, 22.7, 27.2, 27.3, 34.4, 41.7, 75.1, 80.9, 82.2, 108.6, 127.1, 128.0, 128.3, 138.2. Anal. Found: C, 71.69; H, 10.07 m, ArH) . NMR C (CDCl 3 ): 21. 7, 22.9, 27.0, 27.3, 35.0, 44.1, 75.4, 82.1, 83.0, 109.2, 126.8, 128.6, 128.7, 137.2. Anal. Found: C, 73.18; H, 8.53. Calcd. for C 16 H 22 O 3 : C, 73.25; H, 8.45% . Conversion to a ketone. To a solution of oxalyl chloride (0.22 ml, 2.60 mmol) in CH 2 Cl 2 (13 ml) was added DMSO (0.24 ml, 3.38 mmol) in CH 2 Cl 2 (1 ml) at À70 C. The mixture was stirred for 10 min at À70 C, and then a solution of alcohol (0.33 g, 1.26 mmol) in CH 2 Cl 2 (4 ml) was added. The resulting reaction solution was stirred for 2 h at À70 C before addition of Et 3 N (1.29 ml, 9.26 mmol). The resulting mixture was stirred for 30 min at 0 C before additions of sat. aq. 7.27-7.36 (3H, m), 7.39-7.41 (2H, m) . NMR C (CDCl 3 ): 12. 5, 18.15, 18.17, 23.2, 27.15, 27.19, 27.3, 35.7, 50.7, 75.9, 82.6, 84.7, 108.3, 127.5, 128.2, 128.4, 138.7 3.79 (1H, dd, J ¼ 8:3, 8.3 Hz), 4.09 (1H, ddd, J ¼ 7:3, 7.3, 7.3 Hz), 4.69 (1H, d, J ¼ 8:3 Hz), m), m) . NMR C (CDCl 3 ): 21. 6, 26.4, 27.18, 27.22, 33.3, 49.4, 77.4, 83.6, 87.2, 108.9, 127.6, 128.4, 137.5 26.7, 27.2, 28.3, 39.9, 46.0, 78.9, 84.0, 108.8, 127.0, 128.3, 128.5, 137.2, 218.5 7.29-7.35 (3H, m), 7.38-7.40 (2H, m) . NMR C (CDCl 3 ): 12. 7, 18.1, 18.2, 21.8, 24.6, 27.3, 27.6, 34.6, 50.3, 75.1, 81.9, 83.7, 108.3, 128.2, 128.28, 128.33 7.30-7.40 (5H, m) . NMR C (CDCl 3 ): 22. 6, 26.2, 27.3, 27.4, 34.4, 46.9, 74.5, 83.6, 83.8, 108.9, 127.6, 128.6, 137.6 m, ArH), m, ArH) . NMR C (CDCl 3 ): 17. 8, 24.3, 24.4, 26.6, 29.3, 78.1, 79.2, 79.4, 108.9, 127.2, 128.0, 128.1, 137.0, 170.4. Anal. Found: C, 69.42; H, 7.32 ¼ 5:7, 5.7, 5.7 Hz), 4.07 (1H, d, J ¼ 6:1 Hz), m), 7.27 (1H, m), m) . NMR C (CDCl 3 ): 12. 7, 18.07, 18.14, 21.2, 26.0, 35.0, 44.9, 75.9, 77.1, 77.2, 126.7, 127.6, 128.4, 141.9 Antibiotic spectra of (þ)-goniodiol and its stereoisomers. The ability of each compound to inhibit the growth of a variety of Gram-positive and Gram-negative bacterial strains was assessed by the paper disc method, the minimum inhibitory concentration (MIC) was determined for those strains that showed sensitivity to the tested compounds. The paper disc test used agar plates containing Nissui nutrient broth (Nissui Pharmaceutical Co., Ltd.) A 100 ml of an exponential culture of each respective strain was made into molten agar containing the nutrient broth. After the agar had solidified, a paper disc containing 15 ml of 50 mM of the tested compound was put on to the agar plate. The plate was incubated for 24 h at 30 C (L. denitrificans and P. fluorescens) or at 37 C (B. subtilis, S. aureus, E. coli, S. choleraesuis and Y. intermedia), and the diameter of any halo of inhibition around the paper disc was measured. The MIC value was determined from a two-fold dilution series for any strain that showed a halo of inhibition.
Fungal strains and culture conditions. The phytopathogenic fungi, Colletotrichum lagenarium, Bipolaris oryzae, Fusarium solani, and Alternaria altanata, had been isolated from a farm at Ehime University and were kindly presented by Dr. Ohguchi. Each fungus was cultured on potato dextrose agar (PDA, Sigma-Aldrich, Canada).
Antifungal assay. The paper disc method was adopted for the first screening. Briefly, fungal mycelia were spotted on the center of the PDA plate ('100-mm dish) and incubated at 28 C until the colony diameter became 4-5 cm. A paper disc soaked in dimethyl sulfoxide containing a test chemical was placed at the edge of the colony. The growth inhibition was observed after culturing at 28 C for 7-10 d.
